In this study, tomato seeds were obtained as by-products and submitted to fermentation with the proteolytic strain Bacillus subtilis A14h. The resulting peptide mixture was fractionated and purified through different chromatographic steps. Fractions were assayed for antioxidant and angiotensin converting enzyme (ACE)-inhibitory activities and peptides were identified by using nano-liquid chromatography coupled to mass spectrometry in tandem (nLC-MS/MS). Most of the identified peptides were smaller than 1000 Da and had different aromatic and hydrophobic amino acid residues. Their sequences were novel but some of them showed active domains previously reported in other bioactive peptides. The hexapeptide DGVVYY showed an IC 50 value of 2 µM in angiotensin-I converting enzyme (ACE-I) inhibitory activity, whereas the pentapeptide GQVPP displayed a 97% of DPPH activity at 0.4 mM. The results revealed that B. subtilis fermentation of tomato by-products could be a good strategy for obtaining added-value peptides that might be used as an ingredient in functional foods and nutraceuticals.
Introduction
The presence of bioactive peptides has been reported in many fermented and functional foods. These peptides usually have 2-20 amino acid residues and exert their biological activity after being released from parent proteins (Hartmann & Meisel, 2007; Udenigwe & Aluko, 2012) . Depending on the amino acid composition and sequence length, bioactive peptides can display different activities, e.g. antihypertensive, antioxidant, immunomodulatory, opioid, anti-inflammatory or antimicrobial (Shahidi & Zhong, 2008) .
During the past decade, many ACE-inhibitory and antioxidant peptides have been produced and characterised (Toldrá, Reig, Aristoy, & Mora, 2017) . Main interests have been focussed on the use of agroindustrial waste or by-products as a source for the generation of bioactive peptides in order to maximise the economic return and contribute to the environmental sustainability. Regarding this, olive seeds (Esteve, Marina, & García, 2015) , date seeds (Ambigaipalan, Al-Khalifa, & Shahidi, 2015) , cherry seed (García, Endermann, González-García, & Marina, 2015) , palm kernel cake (Chang, Ismail, Yanagita, Esa, & Baharuldin, 2015) and fish and marine processing waste (Bougatef et al., 2010) have been hydrolysed by using commercial enzymes to produce bioactive peptides.
Despite hydrolysis with commercial enzymes like trypsin, pepsin, Alcalase, Flavourzyme and Thermolysin have been used to digest parent proteins and generate peptides, microbial fermentation by proteolytic species has also proved to be a successful strategy (Fakhfakh, Ktari, Siala, & Nasri, 2013; Jemil, Mora, et al., 2016; Niu, Jiang, & Pan, 2013; Yang et al., 2016) . In fact, the simultaneous action of different proteases showing diverse specificities in the fermentation medium enhances the proteolytic activity and increases the chance of small peptide generation. Among the microbial species, different species of the Bacillus genus may have a unique place due to their proteolytic properties. In this respect, Jemil, Mora, et al. (2016b) tested fermentation products of Sardinelle protein with Bacillus subtilis A26 and Bacillus amyloliquefaciens An6 to produce antioxidant and ACE-inhibitory peptides whereas Zhang et al. (2014) used B. subtilis to hydrolyse peanut proteins. In another study, Jemil, Abdelhedi, et al. (2016a) prepared antibacterial peptides from zebra blenny muscle proteins after fermentation with B. mojavensis A21. Fakhfakh et al. (2013) also revalorised wool waste by generating bioactive peptides using B. pumilus fermentation. The use of B. subtilis fermentation has given good results in terms of bioactive peptide generation, mainly due to the intense proteolytic activity produced by this specie that results in a better chance to obtain small bioactive peptides.
A considerable amount of protein-rich by-products could be generated from the tomato processing industries all over the world as protein constitutes 28% of tomato seed weight. In order to valorize such protein source, fermentation conditions to produce bioactive peptides from tomato waste proteins by using B. subtilis A14h have been tested (Moayedi, Hashemi, & Safari, 2015) . The mentioned strain showed higher ability to release peptides from tomato waste proteins than did other B. subtilis isolates, e.g. K46b and H13h (data not shown). The effects of amino acid composition and molecular weight distribution on antioxidant and ACE-inhibitory activity of resulting peptides have been reported (Moayedi et al., 2017) . In this study, isolation and identification of the most active peptide sequences obtained from the fermentation of tomato seeds with B. subtilis has been achieved through the use of chromatography, mass spectrometry, and bioinformatic tools. The in vitro activities of synthesized peptide sequences have also been evaluated.
Materials and methods

Chemicals and reagents
Abz-Gly-p-nitro-phe-pro-OH trifluoroacetate salt, used as substrate, was obtained from Bachem AG. (Bubendorf, Switzerland). 2, 2′-Diphenyl-1-picrylhydrazyl (DPPH), butylated hydroxytoluene (BHT) and ACE enzyme (from rabbit lung) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Microbial culture media, reagents for ferric reducing assay, HPLC grade acetonitrile, hydrochloric acid (37%), and trifluoroacetic acid were purchased from Scharlau (Barcelona, Spain) and the Merck Company. For mass spectrometry analysis, water, acetonitrile and formic acid were used of MS grade and obtained from Scharlau (Barcelona, Spain). All other chemicals were of analytical grade.
Fermentation and preparation of TSM hydrolysates
Tomato pulp, containing skins and seeds, was supplied by Golgashte Shirin plant (Ghazvin, Iran). After removing skins, the seeds were sundried, ground in a blender and defatted using the Soxhlet method with n-hexane as solvent. The resulting powdered tomato seed meal (TSM) was used as the only source of carbon and nitrogen in a submerged fermentation with the proteolytic strain B. subtilis A14h (Moayedi et al., 2015) . Fermentation was carried out in 250 ml flasks containing 5% of tomato seed meal (TSM), K 2 HPO 4 (0.05%, w/v), MgSO 4 (0.01%, w/v), and CaCO 3 (0.16% w/v), inoculated with 2% (v/v) of B. subtilis fresh culture (1 × 10 8 CFU/ml) and kept for 24 h at 37°C under agitation conditions. After incubation, the fermented media was heated in boiling water for 15 min in order to stop the enzymatic reaction. Then, the sample was centrifuged at 12,000 rpm (Suprema 25, TOMY, Japan) for 10 min, and the supernatant was collected, lyophilised, and stored at −20°C until used. This lyophilised powder is referred to as TSMH (tomato seed meal hydrolysate). Four grams of lyophilised TSMH were dissolved in 20 ml of 0.01 N HCl and homogenised in a Stomacher at 4°C for 8 min. The homogenate was centrifuged, and the supernatant was filtered through glass wool. In order to precipitate the proteins, the filtered supernatant was mixed with 3 volumes of ethanol and kept in the cold (4-5°C) for 20 h. Then, the mixture was centrifuged (12,000g for 20 min at 4°C), and the supernatant was lyophilised after removing the ethanol by using a rotary evaporator.
Fractionation and purification using size-exclusion chromatography (SEC)
The lyophilised sample was dissolved in 15 ml of 0.01 N HCl, filtered through a 0.45 µm syringe filter and loaded (5 ml) onto a gel filtration column packed with Sephadex G-25 gel. The mobile phase was 0.01 N HCl at a flow rate of 15 ml/h and, in total, 130 fractions of 5 ml were collected, using an automatic collector (Escudero, Aristoy, Nishimura, Arihara, & Toldrá, 2012) . In order to determine the peptide profile of the samples, the absorbance of fractions was measured at 214 and 280 nm. All the fractions showing absorbance at the mentioned wavelengths were evaluated for their antioxidant and ACE-inhibitory activities, and the fractions with the highest activities were lyophilised again and stored for the next purification step.
High performance liquid chromatography (RP-HPLC) fractionation in reversed-phase
The most active fractions obtained after SEC separation were further fractionated according to their relative hydrophobicity, using an HPLC (Agilent 1100 HPLC system, Agilent Technologies, CA, USA) equipped with a reversed-phase Symmetry C18 column (250 × 4.6 mm, 5 μm). RP-HPLC conditions were similar to those previously described by Escudero et al. (2013) with minor changes. Lyophilised samples were resuspended in bi-distilled water (90 mg/ml), filtered through a 0.22 μm membrane filter, and manually injected (300 µl) into the column. The mobile phases and separation conditions were: solvent A; 0.1% trifluoroacetic acetic acid (TFA) and solvent B; 0.085% TFA in 60:40, v/v, acetonitrile:water, with a linear gradient of 0-50% of solvent B in 54 min at a flow rate of 1 ml/min. The absorbance was monitored at 280 nm and 1 ml fractions were collected using an automatic collector. Fractions were individually tested for DPPH% scavenging, ferric reducing power and ACE-inhibitory activities and the most active fractions were chosen for peptide identification. A flow diagram, showing the different steps of this study, is shown in Fig. 1 .
Peptide identification by tandem mass spectrometry
Peptide identification was done using a nano-liquid chromatography system (Eksigent of AB Sciex, CA) coupled to a quadrupole-timeof-flight (Q-ToF) mass spectrometer (TripleTOF 5600+; AB Sciex Instruments, Framingham, MA, USA) equipped with a nano-electrospray ionisation source (nano-ESI). Peptide identification was done as previously published by Lassoued et al. (2015a) . Briefly, the nanoLC-MS/MS analysis was performed using an Eksigent Nano-LC Ultra 1D Plus system (Eksigent of AB Sciex, CA) coupled to the quadrupoletime-of-flight (Q-ToF) TripleTOF® 5600 system from AB Sciex Instruments (Framingham, MA) that was equipped with a nanoelectrospray ionization source. The hydrolysate fractions were resuspended in H 2 O with 0.1% of trifluoroacetic acid (TFA) to obtain a final concentration of 0.2 mg/ml, and 5 μl of the supernatant were injected. After 5 min of preconcentration, the trap column was automatically switched in-line onto a nanoHPLC capillary column (3 μm, 75 μm × 12.3 cm, C18) (Nikkyo Technos Co., Ltd. Japan). Mobile phase A contained 0.1% v/v formic acid in water, and solvent B, contained 0.1% v/v FA in 100% acetonitrile. Peptides were first eluted with a linear gradient from 5% to 35% of solvent B over 90 min, and then from 35% to 65% of solvent B for 10 min, at a flow rate of 0.3 μl/min and running temperature of 30°C. The data analysis was done using Mascot Distiller v2.4.2.0 software (Matrix Science, Inc., Boston, MA, USA). It used a Mascot search engine and the interpretation of spectra was done with the following parameters: 'other Chordata' taxonomy, NCBInr database, no post translational modifications, and tolerance of 100 ppm in MS and 0.5 Da in MS/MS. All identified sequences were P < .05. The BIOPEP database was used in the search of similar sequences previously identified showing ACE inhibitory activity (http://www.uwm.edu.pl/biochemia/ index.php/pl/biopep).
Peptide synthesis
According to peptide length and amino acid composition, in total, 13 of the identified peptides were chosen and synthesized by the Genescript corporation company (Piscataway, NJ, USA). The synthesized peptides were evaluated in terms of their antioxidant and ACE-inhibitory activities.
Determination of ACE inhibitory activity
A fluorescence-based method was used to determine ACE-inhibitory activity of peptide fractions and pure sequences (Sentandreu & Toldrá, 2006) . Briefly, 50 µl of 3 mU/ml ACE in Tris-base buffer (150 mM, pH 8.3) were added to 50 µl of sample, and the mixture was pre-incubated at 37°C for 10 min. The reaction was started by adding to the mixture 200 µl of 10 mM Abz-Gly-Phe-(NO 2 )-Pro previously dissolved in 150 mM Tris-HCl buffer (pH 8.3) and containing 1.125 M NaCl. The fluorescence intensity was measured using excitation and emission wavelengths of 355 and 405 nm, respectively, during incubation for 60 min at 37°C. Bidistilled water and Captopril (0.1 mg/ml) were used as negative and positive control, respectively. ACE inhibitory activity was expressed as a percentage and measurements were done in triplicate (n = 3). IC 50 value was calculated as the concentration of peptide needed to obtain a 50% of ACE-inhibitory activity.
Determination of antioxidant activities 2.8.1. DPPH%-scavenging activity
The DPPH%-scavenging activity of peptide fractions was determined according to the protocol described by Jemil et al. (2014) with minor modifications. Thus, 190 µl of sample, 220 µl of ethanol and 95 µl of DPPH% solution in ethanol (2%, w/v) were mixed and incubated for 60 min in the dark. Then, the absorbance was measured at 517 nm. BHT was used as positive control and bidistilled water as negative control. The percentage of DPPH%-scavenging activity was calculated.
Ferric reducing power capacity
The reducing power (on Fe (III)) was assayed spectrophotometrically, as described by Moayedi et al. (2017) . Briefly, a mixture of peptide sample (100 µl) with 250 µl of potassium phosphate buffer (0.2 M, pH 6.6), and 250 µl of 1% (w/v) potassium ferricyanide was incubated for 30 min at 50°C. Then, 250 µl of 10% trichloroacetic acid (TCA) were added, mixed, and centrifuged at 12,000 rpm for 10 min. Then, 250 µl of the supernatant were taken and 250 µl of distilled water and 50 µl of 0.1% (w/v) of ferrous chloride were added. The absorbance was measured immediately at 700 nm. A sample containing BHT was used as positive control.
Results and discussion
Fractionation using size exclusion chromatography (SEC)
The peptides generated during fermentation were first separated, using SEC on a Sephadex G-25 column, as shown in Fig. 2 , and ACEinhibitory and antioxidant activities were tested in all the resulting fractions. In Fig. 2a , fractions 46-59 (elution volumes from 225 to 295 ml) showed ACE-inhibitory activities higher than 80%. On the other hand, fractions 47-57 (corresponding to elution volumes from 230 to 285 ml) showed DPPH%-scavenging activities higher than 50%, including fraction 50 that scavenged 90% of DPPH% (Fig. 2b) . Similar results were obtained in the ferric reducing power assay, as the highest absorbance at 700 nm was observed for fractions 48-58 (Fig. 2c) . Accordingly, fractions from 46 to 56, corresponding to elution volumes from 225 ml to 280 ml and potentially containing the most active peptides, were pooled, lyophilised and kept in freezing conditions for further purification by RP-HPLC.
3.2. Reversed-phase high performance liquid chromatography separation RP-HPLC is one of the most suitable methods used in the separation of peptides in protein hydrolysates and able to provide very useful information about their relative hydrophobicity. The mixture of most active peptides obtained from SEC purification was injected into the RP-HPLC system. In the separation process, in total, 60 fractions were collected, lyophilised and used to evaluate the antioxidant and ACE- Fig. 1 . Scheme of the protocol followed for the generation, purification and identification of bioactive peptides.
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Results of RP-HPLC separation and the activity of fractions are shown in Fig. 3 . The ACE-inhibitory activity reached 80% in the fractions eluting from 4 to 5 and 15 to 16 min. Regarding DPPH%-scavenging, several fractions showed activities up to 67% and the highest activity was observed for the fractions eluted from 4 to 5, and 52 to 53 min. On the other hand, fractions eluted from 44 to 45, and 52 to 53 min showed the highest ferric reducing power. According to these results, fractions eluting from 4 to 5 min could contain multifunctional peptides, showing both antioxidant and ACE-inhibitory activities. Multifunctional peptides have been identified in some previous studies (Cheung & Li-Chan, 2017; García-mora et al., 2016) . Since RP-HPLC separates peptides based on their relative hydrophobicity, peptides showing longer retention times are expected to contain more hydrophobic or aromatic amino acids in their structure. The DPPH %-scavenging activity and ferric reducing power determined in fractions 44, 45, 52 and 53 may be related to the presence of aromatic amino acids in peptide sequences of these fractions. Similar results were reported by Pownall, Udenigwe, and Aluko (2010) who observed that later eluted fractions in RP-HPLC contained peptides with the hydrophobic amino acids Leu, Phe, Val and Trp, and displayed the highest radical scavenging activity and metal binding capacity.
Based on these results, the most active fractions from RP-HPLC purification, with retention times of 4, 5, 15, 16, 44, 45, 52 and 53 min, were prepared for peptide sequencing and identification with nLC-MS/ MS. Thus, each 2 consecutive fractions were placed in one new fraction: F1 (fractions eluted from 4 to 5 min), F2 (fractions eluted from 15 to 16 min), F3 (fractions eluted from 44 to 45 min) and F4 (fractions eluted from 52 to 53 min).
Identification of active peptides by tandem mass spectrometry
Molecular mass and amino acid sequence of peptides in fractions F1, F2, F3 and F4 were determined using nLC-MS/MS as shown in Table 1 . The molecular masses of the identified peptides ranged between 400 and 3600 Da. 27% of the identified peptides were below 600 Da, with 6 or less amino acids in length, which agrees with previously published results that describe most bioactive peptides to be between 3 and 20 amino acid residues (Korhonen & Pihlanto, 2003) . The size of identified peptides in this study would enhance their chance of crossing the A. Moayedi et al. Food Chemistry 250 (2018) 180-187 intestinal barrier intact, reach the blood stream, and exert their biological activity at target points of the organism (Mora, Escudero, Fraser, Aristoy, & Toldrá, 2014) . In addition, most of the identified peptides contain aromatic and hydrophobic amino acid residues at their Cterminal. This fact may be attributed to the action of B. subtilis alkaline serine proteases (mainly subtilisin) that show preference for aromatic or hydrophobic residues at position P1 of cleavage site (García-mora et al., 2016; Moayedi et al., 2017) . The sequences of identified peptides reveal the contribution of different proteolytic enzymes produced by B. subtilis A14 during fermentation. As an example, peptides GQVPP, GQVPPQ and IGQVPP evidence the action of carboxypeptidases and aminopeptidases. Also, the loss of VH from VLYQFVH to obtain the peptide VLYQF may be attributed to the action of peptidyl dipeptidases. Moreover, the endopeptidase activity of some of the proteolytic enzymes secreted by B. subtilis was also confirmed with the simultaneous identification of the peptides AATPKP and AAPVK, as a result of AATPKPAAPVK fractionation.
According to the BIOPEP database, some of the identified peptides were found to share active domains with previously reported antioxidant and ACE-inhibitory peptides (Minkiewicz, Dziuba, Iwaniak, Dziuba, & Darewicz, 2008) , as highlighted in Table 1 . As an example, tripeptide VPP, that is well-known for its ACE-inhibitory activity in vitro and antihypertensive effects in vivo and isolated from bovine beta casein (Nakamura et al., 1995) , has been detected as part of the sequence of some of the identified peptides VPPATQ, VPPKG, VPPAT, DVPPYM, and DVPPY. On the other hand, peptide sequences AAIGPHH, PAIGPHHLG, PHHIA, VPHHI and VALGVPHH, identified in fractions F1, F3 and F4, contained a PHH domain which has proved to be antioxidant (Minkiewicz et al., 2008) and also present in some peptide sequences from soy protein and tuna (Minkiewicz et al., 2008) . In this study, fractions F2 and F4 contained peptides showing YFY in their structures. Such tripeptide YFY was reported as part of the sequence in several peptides showing antioxidant or ACE-inhibitory activity. For example, AYFYP, AYFYPE, and LAYFYP were obtained from casein and reported to exert ACE-inhibitory activity (Yamamoto, Akino, & Takano, 1994) , whereas YFYPQL was defined as an antioxidant peptide (Minkiewicz et al., 2008) . Finally, peptide sequences HPLPP, GKPLP, EPPLPP and EPPLP contained the domain PLP which has been found in human beta casein and reported in several bioactive peptide sequences showing ACE-inhibitory activity (Minkiewicz et al., 2008) .
Regarding ACE-inhibitory activity, IC 50 values were calculated for all synthesized peptides. The highest ACE-inhibitory activity, an IC 50 value of 2 µM, was found for peptide DGVVYY. In this respect, the ACEinhibitory activity of DGVVYY peptide is higher than previously reported activities of bioactive peptides generated from food hydrolysates. As an example, the IC 50 values for WPERPPQIP (from walnut protein hydrolysate), VVLYK (from palm kernel glutelin-2 hydrolysate), AYFYFP, LAYFYP and AYFYP, all from casein sub-fractions, were reported to be 25 µg/ml (Liu et al., 2013) , 554 µM (Zheng, Li, Zhang, Ruan, & Zhang, 2017) , 106, 65 and 1001 µM (Yamamoto et al., 1994) , respectively.
The ACE-inhibitory activity is highly influenced by the presence of hydrophobic and branched-chain amino acids in the peptide structure (Girgih et al., 2014; Hernández-Ledesma, del Mar Contreras, & Recio, 2011; Lassoued et al., 2015b) . It has been suggested that bulky aromatic amino acids increase hydrophobic interactions with enzymes (Girgih et al., 2014) . The amino acids located in the three positions close to the C-terminal are also a determining factor for competitive binding to the ACE active site and therefore to exert inhibitory activity (Hernández-Ledesma et al., 2011; Lassoued et al., 2015b; Shahidi & Zhong, 2008) . Therefore, the ACE inhibitory activity of DGVVYY could be related to the presence of Val, a branched amino acid with high affinity for the ACE active sub-side, and Tyr, an aromatic residue (Girgih et al., 2014) .
Furthermore, other powerful ACE-inhibitory peptides were PGVPWP and VPPLYPN with IC 50 values of 19 and 21 μM, respectively. Both peptides show Pro in their sequence and VPP tripeptide has been previously reported as an effective ACE inhibitor (Nakamura et al., 1995) . The hexapeptides PGLPKK and GYFPPP also showed inhibitory activity against ACE with an IC 50 value of 32 µM. Some studies have revealed the promoting role of positively-charged and basic amino acids (Lys and Arg) at C-terminal on ACE-inhibitory activity of peptides (Shahidi & Zhong, 2008; Zheng et al., 2017) . This situation also occurs in the PGLPKK peptide, showing two Lys residues at the C-terminal position. Finally, peptide VALGVPHH also showed a low IC 50 value (33 μM).
The DPPH radical-scavenging activity and ferric-reducing power of synthesized peptides are shown in Table 2 and Fig. 4 , respectively. In this respect, the peptide GQVPP showed the highest DPPH radicalscavenging activity that reached 97% at 0.4 mM. The peptide GQVPP also showed the highest ferric reducing power with an absorbance value of 0.95 at 0.5 mM.
Antioxidant peptides identified in protein hydrolysates from cherry seed , sardinelle (Jemil, Mora, et al., 2016b) , oil palm kernel (Chang et al., 2015) , and hemp seed (Girgih et al., 2014) were reported to be smaller than 10 amino acids in length and having aromatic and hydrophobic amino acids residues as well. The antioxidant activity of the GQVPP peptide (97% at 0.4 mM) was higher than those of NVPVYEGY (1.41 mM) and AGRDLTDY (1.54 mM), which have recently been identified in Bacillus-fermented sardinelle protein (Jemil, Mora, et al., 2016b) , and higher than that described for peptides WVYY and PSLPA, both from hemp seed protein hydrolysate, with 67% and 58% of activity at 0.5 mg/ml, respectively (Girgih et al., 2014) . However, its activity is approximately comparable to LYEGY (0.217 mM), an antioxidant peptide from Mactra veneriformis protein hydrolysate (Liu et al., 2015) .
In addition to the effective role of aromatic and hydrophobic amino acids (Girgih et al., 2014) in antioxidant activity, acidic amino acids and their amide forms (Glu, Gln, Asp and Asn) have been reported to show a positive contribution to the antioxidant activity of peptides (Ghribi et al., 2015; Girgih et al., 2014; Udenigwe & Aluko, 2012) . Therefore, the DPPH radical scavenging activity and ferric reducing power of the GQVPP peptide could be related to the presence of Gln, Val and Pro.
Conclusion
In the current study, B. subtilis fermentation was used to generate bioactive peptides that were encrypted in proteins from tomato seeds. The resulting peptide mixture was fractionated according to peptide b Expected molecular mass (Da) calculated from the observed mass according to the charge state of the ion. A. Moayedi et al. Food Chemistry 250 (2018) 180-187 size and relative hydrophobicity. After each purification step, ACE-inhibitory and antioxidant activities were measured. Peptide identification, with mass spectrometry in tandem, revealed that many of the peptides contained in the most active fractions were below 600 Da, and 5-6 amino acid residues in length. There were six peptides with IC 50 below 33 μM, DGVVYY (IC 50 = 2 µM) being the most promising peptide for inhibiting ACE activity. On the other hand, GQVPP showed excellent antioxidant activity (97% DPPH scavenging activity at 0.4 mM).
The results revealed that proteolytic enzymes from B. subtilis effectively cleaved parent proteins of tomato seeds into short peptides showing good antioxidant and ACE inhibitory activities. However, although amino acid composition and sequence in the peptide structure greatly influence the peptide activity, they do not guarantee its expected bioactivity.
